The characteristics of a novel antipodal Vivaldi antenna array mounted on a dielectric cone are presented. By employing antipodal Vivaldi antenna element, the antenna array shows ultrawide bandwidth and end-fire radiation characteristics. Our simulations show that the cone curvature has an obvious influence on the performance of the conformal antenna, in terms of both the bandwidth and the radiation patterns. The thickness and permittivity of the dielectric cone have an effect on the bandwidth of the conformal antenna. Measurement results of both single antenna and conformal antenna array show a good agreement with the simulated results. The measured conformal antenna can achieve a −10 dB | 11 | with bandwidth of 2.2-12 GHz and demonstrate a typical endfire radiation beam. These findings provide useful guidelines and insights for the design of wideband end-fire antennas mounted on a dielectric cone.
Introduction
Wideband antennas are required for many electromagnetic applications, such as radio astronomy and UWB technology. The Vivaldi antenna, which was firstly created by Gibson in 1979 [1] , has been widely used due to its simple structure, light weight, wideband, high efficiency, and high gains. In [2] , a Vivaldi antenna with a parasitic meandered shaped element and a PIN diode for DVB-T and UWB applications has been presented. The PIN diode is used to switch the lower frequency band in addition to the high frequency band. Corrugation edges structure was reported in [3] , which was used to reduce the width of the antenna without degrading the radiation patterns. A miniaturized antipodal Vivaldi antenna with tapered slot edge (TSE) was proposed in [4] . Compared to the regular slot edge (RSE), the TSE is able to take full use of the patch area for its coordinated shape with the antenna slot profile. A printed Vivaldi antenna with two pairs of eye-shaped slots was presented in [5] . By using the eye-shaped slots, the side lobe levels of the radiation pattern can be reduced. In this paper, a circular-shape-load antipodal Vivaldi antenna [6] with a metal director is used to study the conformal characteristics due to its small size, broad bandwidth, high gain, and stable radiation pattern.
It is well known that the conformal antennas are mainly used in aviation, radars, and military systems. For these applications, conformal antennas need to cover a wide bandwidth and have end-fire radiation beam. A variety of conformal antennas have been investigated during the past two decades, including monopole antennas [7, 8] , slot antennas [9, 10] , microstrip antenna arrays [11] [12] [13] , log-periodic antennas [14] , balanced antipodal Vivaldi antenna [15] , and substrate integrated waveguide (SIW) antennas [16, 17] . However, most of these antennas are mounted on metallic surfaces and have broadside radiation beam. A few of studies about end-fire conformal antennas can be found in literatures [14] [15] [16] .
The contributions of our work are as follows:
(1) The impacts of cone curvature, cone thickness, and cone permittivity on the conformal antenna's bandwidth, radiation performance are comprehensively investigated. The antipodal Vivaldi antenna can be easily mounted on a dielectric cone. The curvature of cone has an influence on bandwidth and radiation patterns of conformal antenna. The thickness and dielectric constant of cone mainly affect the bandwidth of the conformal antenna.
(2) Measurement results with a prototype of the proposed conformal antenna array with four antenna elements are presented and compared with the simulated results.
Antenna Element
In this section, a plane antipodal Vivaldi antenna is proposed and studied, as shown in Figure 1 . This antenna is printed on Teflon-F4B substrate with a dielectric constant of 3.5 and loss tangent of 0.003. The thickness of the substrate is 0.5 mm. In this design of an antipodal Vivaldi antenna, two arms metalized on either side of the substrate are flared in the opposite direction to form a tapered slot. The antenna mainly consists of four parts. The first section is a quarter of elliptical taper whose minor axis is 2d to achieve transition from microstrip line to parallel stripline. The second part is the parallel stripline, which is a balanced structure providing wideband transitions. The third part is a diamond-shaped metal director, which is designed to improve the gain in the upper bandwidth. The comparison of the simulated gains between the antenna with a diamond-shaped director and the one without a diamond-shaped director is plotted in Figure 2 . The result shows that the gain of the antenna with a director is definitely improved in high frequency band. The last part is the radiation patch which includes two exponential curves and a half of elliptical curve. The inner edge of the tapered radiation flares satisfies the following exponential curves: where 1 and 2 are determined by the opening rate and two points 1 ( 1 , 1 ) and 2 ( 2 , 2 ):
And the outer edge of the tapered radiation flares also satisfies (1), while 1 and 2 are determined by the opening rate and two points 3 
To cover the desired bandwidth (2 GHz-12 GHz), the antipodal Vivaldi antenna was simulated and optimized with the assistance of ANSYS High Frequency Structure Simulator (HFSS) Version 14. After optimization on the proposed antenna, it is fabricated with the parameters indicated in Table 1 . Some of the parameters are specified as follows: = 0.0785 and = 0.3.
The prototype of the antipodal Vivaldi antenna is shown in Figure 3 . It was measured by an Agilent E5071C Vector Network Analyzer in an anechoic chamber in Communication University of China. Figure 4 shows the comparisons of | 11 | between the simulated and measured results of the plane antipodal Vivaldi antenna. It is found that the measured results show a reasonable agreement with the simulation results over the frequency band (| 11 | ≤ −10dB) between 2.36 GHz and 12 GHz. The small deviation of the two results may be caused by the imperfection of hand-soldering of the SMA connector.
The far field radiation patterns in the -plane ( plane) and -plane ( plane) at different frequencies were measured and shown in Figure 5 radiation patterns and the simulated results show a good agreement in both planes. However, the measured crosspolarization radiation patterns are larger than the simulated results. It may be caused by the deviation of the relative position between test antenna and reference antenna. The proposed antenna has good unidirectional radiation patterns and the main lobes are fixed in the end-fire direction ( -axis direction) within the effective bandwidth.
The measured front-to-back ratios of the antipodal Vivaldi antenna are listed in Table 2 . According to Table 2 , the front-to-back ratios of the antenna achieve more than 12 dB except for a few of frequency points, which confirmed the end-fire characteristic of the antenna. Within the operating frequency band, the simulated and measured gain of the antenna in end-fire direction vary between 2.5 dBi and 9.8 dBi, as shown in Figure 6 .
Since the linear phase response of the antenna in the time domain is one of the most important parameters in wideband systems, the group delay of two antipodal Vivaldi antennas with a distance of 30 cm has also been measured. Figure 7 shows the variation of the group delay less than 5 ns within the desired frequency bands, which indicates that the phase of the antenna shifts little within the operating frequency band. 
Conformal Antenna Performances

Effects of Cone Curvature. The proposed antipodal
Vivaldi antenna is mounted on a dielectric cone to investigate the conformal antenna characteristics. The antenna is on dielectric cones with different curvatures, as shown in Figure 8 . The outer diameters of the three cones' top and bottom surfaces are 300/360 mm, 190/210 mm, and 130/150 mm, respectively. The height, thickness, and dielectric constant are 350 mm, 0.5 mm, and 2.1 for all three cones. Figure 9 shows the simulated voltage standing wave ratio (VSWR) of the conformal antenna with different curvatures. It can be observed that, with the increasing of cone curvature, the VSWR deteriorates especially in the low and middle frequency bands. The simulated radiation patterns of the conformal antenna with different cones curvatures at 2 GHz, 4 GHz, 6 GHz, and 8 GHz are plotted in Figure 10 . It is shown that the variation of cone curvature has little effects on the copolarization radiation patterns of the conformal antenna. Since the antenna is bent on the cone, there exists an extra electric current component in − direction. Therefore, the cross-polarization of the conformal antenna becomes larger with the increasing of cone curvature. Besides, to illustrate the impacts of cone curvature on radiation pattern between planar Vivaldi antenna and curved surface antenna, which is bent on a cone with the diameters of 190/210 mm, the simulated radiation pattern at 4 GHz is given in Figure 11 . It is observed that the cross-polarization of the conformal antenna is larger than the planar antenna. The simulated half power beam-width of the conformal antenna is less than 116 degrees as shown in Table 3 . Figure 12 presents the simulated VSWR of conformal antenna with different cone thickness. It is found that as the thickness increases, the VSWR becomes larger in the lower frequency band. The VSWR varies between 1 and 3 in the whole operating band. Figure 13 shows the radiation patterns with different cone thickness at 7 GHz. The gain variation with different cone thicknesses for the conformal antenna is demonstrated in Figure 14 . It turned out that, with the increasing cone thickness, the gain has obvious decreases in the middle frequency band due to the enlargement of the cross-polarization.
Effects of Cone
Effects of Cone Dielectric Constants.
We studied the performance of the antenna mounted on cones with different dielectric constants of 2. Figure 15 shows that the cone dielectric constant has an effect on VSWR of conformal antenna. It is found that with the increasing of the dielectric constant, the VSWR deteriorates at the low frequency band. Radiation patterns with different cone dielectric constants at 8 GHz are shown in Figure 16 . It is shown that the cross-polarization become larger with the increased dielectric constant. Figure 17 illustrates the gain variation of the conformal antenna with different dielectric constants. With respect to the enlargement of cross-polarization, the gain decreases dramatically in high frequency bandwidth.
Experimental Results
A prototype of conformal antenna array is built by mounting four proposed antennas on the surface of a polypropylene cone with a dielectric constant of 2.3, as shown in Figure 18 . The measured and simulated | 11 | of the proposed antipodal Vivaldi antenna are shown in Figure 19 . Good impedance matching with the 50 Ω coaxial line is achieved, which satisfies the required operating frequency band from 2.2 GHz to 12 GHz. Figure 20 shows the measured and simulated radiation patterns of the conformal antenna in both -plane ( plane) and -plane ( plane) at 2 GHz, 4 GHz, 6 GHz, 8 GHz, and 10 GHz. It is found that the conformal antenna has end-fire radiation beams in both planes. Figure 21 shows the comparisons of the simulated and measured gain of the conformal antipodal Vivaldi antenna. The measured radiation patterns and gain both show good agreements with the simulated results. The isolation between the adjacent ports of the conformal antenna is also investigated. It can be observed in Figure 22 that the measured result is less than −25 dB in the operating frequency bands, which is good for the port isolation of the conformal antenna. Figure 13 : Simulated radiation patterns of conformal antenna with different cone thickness. -◼-copolarization (5 mm), (the black dash lines) cross-polarization (5 mm), --copolarization (7 mm), (the red dash lines) cross-polarization (7 mm), -e-copolarization (10 mm), andcross-polarization (10 mm).
Conclusion
This paper presented a novel wideband end-fire conformal antenna array mounted on a dielectric cone. The effects of the cone curvature, thickness, and dielectric constant on the performance of the conformal antenna are thoroughly investigated and some inspiring results for end-fire conformal antenna design have been obtained. Measured and simulated results of the prototype show the conformal antenna has wide frequency bands, end-fire radiation patterns, and wide half power beam-width. The proposed antenna array has a great potential to be used in conformal systems such as missiles, radars, and aircrafts.
International Journal of Antennas and Propagation 
